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[57] ABSTRACT

A multi-function process is described for the hydrolysis and
fractionation of lignocellulosic biomass to separate hemi-
cellulosic sugars from other biomass components such as
extractives and proteins; a portion of the solubilized lignin:
cellulose; glucose derived from cellulose; and insoluble
lignin from said biomass comprising one or more of the
following: optionally. as function 1. introducing a dilute acid
of pH 1.0-5.0 into a continual shrinking bed reactor con-
taining a lignocellulosic biomass material at a temperature
of about 94 to about 160° C. for a period of about 10 to about
120 minutes at a volumetric flow rate of about 1 to about 5
reactor volumes to effect solubilization of extractives. lignin.
and protein by keeping the solid to liquid ratio constant
throughout the solubilization process: as function 2. intro-
ducing a dilute acid of pH 1.0-5.0. either as virgin acid or
an acidic stream from another function, into a continual
shrinking bed reactor containing either fresh biomass or the
partially fractionated lignocellulosic biomass material from
function 1 at a temperature of about 94-220° C. for a period
of about 10 to about 60 minutes at a volumetric flow rate of
about 1 to about 5 reactor volumes to effect solubilization of
hemicellulosic sugars. semisoluble sugars and other
compounds. and amorphous glucans by keeping the solid to
liquid ratio constant throughout the solubilization process;
as function 3. optionally. introducing a dilute acid of pH
1.0-5.0 either as virgin acid or an acidic stream from another
function. into a continual shrinking bed reactor containing
the partially fractionated lignocellulosic biomass material
from function 2 at a temperature of about 180-280° C. for
a period of about 10 to about 60 minutes at a volumetric flow
rate of 1 to about 5 reactor volumes to effect solubilization
of cellulosic sugars by keeping the solid to liquid ratio
constant throughout the solubilization process; and as func-
tion 4. optionally. introducing a dilute acid of pH 1.0-5.0
either as virgin acid or an acidic stream from another
function. into a continual shrinking bed reactor containing
the partially fractionated lignocellulosic biomass material
from function 3 at a temperature of about 180-280° C. for
a period of about 10 to about 60 minutes at a volumetric flow
rate of about 1 to about 5 reactor volumes to effect solubi-
lization of cellulosic sugars by keeping the solid to liquid
ratio constant throughout the solubilization process.

14 Claims, 4 Drawing Sheets

CaTALYSY
WATER /- { CELLULASE
CATZLYSY ACID,ETC}

(OPTI0HALY

ST

t 0
too.tgcec | | 1ad-2207C ] T 1o -280°C 1 aperoprIATE }
- (iza-1ape)} ) t1s0- 200°%C) | | 1,(200-280%C | TENPERATURE :

\ N 1) s0UnS
FUNCTION Y || FUNCTION 2+ : 11| FuncTioN 2 FUMCTION 4 ‘UG\“N)I
L (ceTi0MaLI- T T A --gwg‘(ovnomu X
| rrcciaricror ; ¥ t [rorovsis [SU0S| WypROLYS!S !
¥

' | L1ouos, L LIQUoR | LI0UOR )
LIOUCR - - . i
el (0P TICNAL) , I \
{OPTIONAL) HYOROLYTSIS (F 1 I HYoROLTSIS OF | [HYCROLYSIS OF 1
+ QLIGOMENS { OLIGOMERS i OLIGOMERS, |
SOLUBILIZED LIGNIN, (OPTIONAL) i [ ropTIONAL) 1| (oPTIGNAL) ‘[
PROTEIN - 3! e
EXTRACTIVES, ETC. l 3 1 3] l 1,
3 3! <y
SUGAR/CATALYST| = 1| Susar/ caTaLrsTi- 1| SUGAR 7 CATALYST =i
RECOVERY 3] RECOVERY 3!l RECOVERY &1
orTional) | 21| topmional) |-l topTiomnav) !

\
— J e oy J

CATELYST cawmLYsT CATALYST
SUGARS { AND SUGARS(AND SUGARSIAND
OTHER PRODUCTS)  OTHER PRODUCIS) OTHER FRODUCTS)



6,022,419

Page 2

U.S. PATENT DOCUMENTS 4941044 7/1990 Chang etal. .. 162/19
4.432.805  2/1984 Nuuttila et al. weommmvoeessemrncesn 127737 5125977 6/1992 Grohmann et al. coeoersci 127136
4615742 1071986 Wright 127737 5,188,673 271993 Clausen et al. wviiimevinimnssnnns 127/37
4706903 11/1987 Brink et al. woouuevecoosireenerns 241/188 R 5366558 11/1994 Brink 127/43
:;Sg;ég 1;}33; g‘ﬂbg:f o lf;’% 5389346 21995 Copeland, J&. .oooeerereesmmesne 4221292
728. uber et al. ]
4880473 1171989 Scott et al. .. 127737 5424417 6/1995 Torgetetal. .. 536/56
4,908,098 371990 DELOBE .ovvrrrremsssemmsseresmssenseasn 162/16 5,503,996  4/1996 Torget et al woevvemsimssniiesisenes 435/105




FI1G. T

LIGNO- CATALYST
CELLULOSIC WATER +/- WATER +/- WATER+/ - ( CELLULASE
BIOMASS CATALYST CATALYST CATALYST ACID,ETC.)
(OPTIONAL)
-+ — — — —— i
‘l o -~ '1 o <+« e -
100-160°C | | 140-220°C o |, 180-280°C | APPROPRIATE |
(120-140°C)| | (160-200°C) | ,  1;(200-260°C | TEMPERATURE E
| : |
FUNCTION 1 || FUNCTION 2- | | ' FuUNCTION 3 FUNCTION 4 | SO0
L | R NS | (L1GNIN)
(OPTIONAL)- | PREHYDROLYSIS (OPTIONAL (OPTIONAL)- }—— |
PREEXTRACTION FSOL‘DS ?OUD?: HYDROLYSIS SOUPS HYDROLYSIS 1
{ |
t F [
, LIQUoR] 1 LIQUOR | LIQUOR i
LIQUOR - === | === ;
by (OPTIONAL) | ; |
A
(OPTIONAL) v pRroLYSIS OF | |HYDROLYSIS OF|. | |HYDROLYSIS OF |
OLIGOMERS | | OLIGOMERS | | OLIGOMERS s
SOLUBILIZED LIGNIN, (OPTIONAL ) | | (OPTIONAL) | | (OPTIONAL) E
PROTEIN 3: 1 =f
EXTRACTIVES, ETC. a, 2l g,
gl o! O |
SUGAR/CATALYST| £ 1| SUGAR/ CATALYST| | SUGAR/ CATALYST| £
RECOVERY a || RECOVERY %t RECOVERY S
(OPTIONAL) Z 1| (OPTIONAL) |~ (OPTIONAL) “i

i" TCATALYS

SUGARS { AND
OTHER PRODUCTS)

al -

kE;T/;LYST

SUGARS({AND

L —

OTHER PRODUCTS)

SUGARS{AND
OTHER PRODUCTS)

juIed "SN

0007 ‘8 "9d

v JO T 19US

617209




>

F1G. 2a

N

SOLIDS IN

W
yunik

INCREASING T

lOUOR IN

FI1G. Zc

LIQUOR IN

-
-«

!

W
W

W\,

\
A

-

SOLIDS IN

INCREASING

T

Juged SN

0007 ‘8 "a2d

7 JO T 1934S

617209



RTINS b+ § V-V RN [ ——

- “

U.S. Patent Feb. 8, 2000 Sheet 3 of 4 6,022,419

R T etk o ol

204 °C

., ..l......tlir'..., ...!..[..l["

e

000\ | /1000
kg !L kg

L —— ¢ . Lo ....l..lll..‘[.'. .

g

1000\ | /100O\
kg kg

I.tlllll.l..'.‘ . ... e

174 °C

F1G 2b



Fl1G.3a

START

Fl1G. .30

AFTER HEMICELLULOSE
HYDROLYSIS

F1G. 3¢

AFTER COMPLETE
HYDROLYSIS

e SN

0007 ‘8 "I

v JO ¢ 3934S

61HTT09



6.022.419

1

HYDROLYSIS AND FRACTIONATION OF
LIGNOCELLULOSIC BIOMASS

CONTRACTUAL ORIGIN OF THE INVENTION

The United States Government has rights in this invention
under contract No. DE-AC36-83CH10093 between the
United States Department of Energy and the National
Renewable Energy Laboratory. a division of the Midwest
Research Institute.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a continuous process of
using hot acidic medium for hydrolysis and fractionation of
biomass into its major components. in several stages. In the
continuous process. a continual shrinking bed reactor may
be employed so that, as the biomass is solubilized. the
reactor volume per unit feed decreases so as to keep the
liquid to solid ratio relatively constant.

The continuous process of using a hot acidic medium for
fractionation of biomass components (e.g.. hemicellulose
and cellulose sugars. lignin, and extractives) provides high
yields of sugars, e.g. xylose and glucose.

Utilization of the continual shrinking bed reactor in the
fractionation of lignocellulosic biomass so that the liquid to
solid ratio is kept relatively constant increases yields of the
solubilized sugars and increases concentrations of the
released sugars by minimizing the residence time of the
liquor fraction in the reactor.

2. Description of the Prior Art

Lignocellulosic biomass which is available in abundance
can be used as an inexpensive feed stock for production of
renewable fuels and chemicals. Current processes for this
conversion involve chemical and/or enzymatic treatment of
the biomass to hydrolyze cellulose and hemicellulose into
their respective sugars. Enzymatic processes require the use
of expensive biocatalysts and have the added burden of
transporting lignin-slurries through the entire operating
train. Currcnt chemical processes for conversion of ligno-
cellulosic biomass either require expensive chemical recycle
or because of the prolonged exposure of the released sugars
to the hydrolysis conditions, result in sugar degradation to
by products. Accordingly. current processes for producing
sugars from lignocellulosic biomass are expensive processes
and low cost production of renewable fuels and chemicals
using these current processes are not realized. .

Further, in current continuous processes for the produc-
tion of sugars from starch or lignocellulosic biomass. the
reactors for hydrolysis of the lignocellulosic feedstocks by
acid catalysis to produce carbohydrates for chemicals or
fuels use reactor dirmensions based on the bulk packing
density of the feed material. thereby limiting the yields of
solubilized carbohydrates as”a function of hydrolysis
conditions. and the reactors are expensive due to being
designed for the incoming feed. and thus underutilize the
entire reactor volume. ]

U.S. Pat. No. 4.880.473 entails a process for treatment of
hemicellulose and cellulose in two different configurations.
Hemicellulose is treated with dilute acid in a conventional

- process. The cellulose is separated out from the “prehydro-
lyzate” and then subjected to pyrolysis at high temperatures.
Further, the process step between the hemicellulose and
cellulose reactions require a drying step with a subsequent
pyrolysis high temperature step at 400-600° C. for conver-
sion of the cellulose to fermentable products.
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U.S. Pat. No. 5366.558 uses two “stages” to hydrolyze
the hemicellulose sugars and the cellulosic sugars in a
countercurrent process using a batch reactor. and results in
poor yields of glucose and xylose using a mineral acid.
Further. the process scheme is complicated and the eco-
nomic potential on a large-scale to produce inexpensive
sugars for fermentation is low.

U.S. Pat. No. 5.188.673 employs concentrated. acid
hydrolysis which has benefits of high conversions of
biomass. but suffers from low product yields due to degra-
dation and the requirement of acid recovery and recycle.
Sulfuric acid concentrations used are 30-70 weight percent
at temperatures less than 100° C.

An organic solvent for pretreatment of biomass in a
counter current process configuration. using a single reactor
in which small particles of biomass are introduced from the
top and the solvent is contacted in a counter-current fashion
from the bottom of the reactor is disclosed in U.S. Pat. No.
4.941.944. The process uses high concentrations (about
80%) of the solvent with a small amount of acid. if needed.
The use of a solvent in this process necessitates recovery
schemes which are cost-prohibitive insofar as the economics
of the process is concerned.

Specific hydrolysis of cellulose by mild treatment with
acid followed by treatment with high-pressure steam is
disclosed in U.S. Pat. No. 4.708.746; however. the use of
high-pressure steam and related capital-intensive equipment
does not result in complete hydrolysis.

Biomass hydrolysis of almost exclusively hemicellulose
sugars is disclosed in U.S. Pat. No. 4.668.340, wherein acid
is introduced countercurrent to the biomass and is removed
from each stage to be fed to the next in its sequence. The
objective in this patent is to minimize the hydrolysis of
cellulose. The objective of this patent (which deals with
pre-hydrolysis of a lignocellulosic feed is ultimately to
produce a cellulosic pulp containing 94-97% of the feed
alpha-celulose).

Both U.S. Pat. Nos. 5.125.977 and 5424417 relate to
“prehydrolysis™ of lignocellulosic biomass to solubilize the
hemicellulosic sugars with concomitant release of some
soluble lignin, thereby rendering the remaining cellulose
more readily digestible with enzymes or other chemical
means—thus these patents disclose only prehydrolysis.

Austrian Patent No. 263.661 discloses dissolution of the
three major components of biomass (lignin. hemicellulose
and cellulose) in a flow thru reactor using hot compressed
water at temperatures between 140-350° C. No yields of the
carbohydrate fractions are disclosed in which the carbohy-
drates are fractionated “‘cleanly”.

U.S. Pat. Nos. 1.014311; 1.023.257; 3.480.476; 4.728.
367: 3.787.241; 4.706.903; 4.645.541; and 5398346 dis-
close various and sundry processes for converting starch or
lignocellulosic biomass using an array of reactors; however.
none of these patents acknowledge or address any benefits
associated with keeping the solid to liquid ratio the same or
constant as sugars are solubilized and conveyed out of the
reaction zone. ‘

Heretofore. there has not been described a process for
complete fractionation of lignocellulosic biomass using a
dilute acidic medium in a flow-thru process in which the
solid to liquid ratio of the lignocellulosic biomass and
hydrolysis liquor has been kept the same or constant as
sugars and other biomass components are solubilized and
conveyed out of the reaction zone.

SUMMARY OF THE INVENTION

The object of the present invention is to provide a process
for hydrolysis to sugars of hemicellulose at high yields.
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Anothier object of the present invention is to provide a
process for hydrolysis to sugars of hemicellulose and cel-
lulose at high yields.

Another object of the invention is to provide a process for
hydrolysis and fractionation of lignocellulosic biomass into
separate streams comprised of relatively pure components.

Another object of the invention is to provide a process for
hydrolysis and fractionation of lignocellulosic biomass
using dilute acid.

A further object of the invention is to provide a process for
hydrolysis and fractionation of lignocellujosic biomass
using dilute acid to convert hemicellulose into monomeric
sugars at high yields.

A further object of the invention is to hydrolyze hemi-
cellulose into its component sugars at high yields while
providing a solid material containing much. if not almost all.
of the original cellulose and some of the lignin.

A further object of the invention is to provide a process for
hydrolysis and fractionation of lignocellulosic biomass
using dilute acid to convert cellulose into monomeric sugars
at high yields.

A further object still of the process of the invention is to
provide a continuous process for complete hydrolysis and
fractionation of lignoceliulosic biomass with dilute acid in a
reactor configuration that minimizes the time the liquid or
hydrolysis liquor spends in the reaction zone.

A further yet object of the invention is to provide a
process for hydrolysis and fractionation of lignocellulosic
biomass using dilute acid wherein higher yields of solubi-
lized sugars are obtained in higher concentrations.

A further object yet still of the present invention is to
provide a process for hydrolysis and fractionation of ligno-
cellulosic biomass utilizing a continual shrinking bed reactor
that minimizes the liquid to solid ratio while still insuring
good liquid/solid contacting. as biomass components are
solubilized and conveyed out of the reaction zone.

To achieve the hydrolysis and fractionation of lignocel-
lulosic feedstocks to produce high yields of soluble sugars
for fermentation to final products at high productivity. the
invention uilizes a series of flow-through co-curreat.
counter-current. or stand-alone stages which enable efficient
contact of dilute acid and biomass. thereby separating solu-
bilized components from the solid.

The fractionation is composed of up to four function
elements linked co-cumrently. countercurrently, or as inde-
pendent single pass units. depending upon whether the
solubilized components are to be mixed or separated from
other solubilized components from other functions. All
functions can contain one or more stages or sets of opera-
tional parameters. and all stages employ the shrinking bed
concept. which means that the reactor dimensions as a
function of solubilization of the biomass. confer a minimal
liquid to solid ratio that still pramotes good liquid-solid
contacting throughout the fractionation process.

Function 1 or pre-extraction (which is optional) is
designed to solubilize the most easily dissolved components
such as some lignin. extractives, and any protein; separate
stages may be used to fractionate these three components.
Function 2 or prehydrolysis is devised to hydrolyze and
fractionate most if not all hemicellulosic sugars along with
some lignin. Again. several stages may be utilized to opti-
mize the desired fractionation. and these stages may be
counter current. co-current. and either independent of fune-
tion 1 or connected to function 1. If break down of cellulose
is desired. function 3 or hydrolysis will be used to primarily
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hydrolyze a portion or all of the crystalline cellulose.
depending on the yields of glucose derived from this func-
tion. The yields will depend on the shrinkage of the bed as
well as other variables. Again. this function may be linked
counter-currently or co-currently with down stream
functions. depending on the desired fractionation scenario.
Function 4 or hydrolysis is a continuance of function 3 in
that cellulose is the object of further solubilization. This
function can use harsher severity to solubilize the remaining
cellulose. Alternatively, a cellulase system can be used to
solubilize the remaining cellulose. replacing either or both
functions 3 and 4.

Fresh make-up acid is added. as needed. between the
various process stages. Operating conditions are selected in
order to maximize the sugar yield from biomass and to limit
product degradation.

Alternatively. fresh acid may be added to each stage and
the sugar-rich liquid streams exiting each stage may be
pooled to provide the feed to the fermentation stage. This
minimizes exposure of the soluble sugars to acid and high
temperature which promote their degradation. Wash water
may also be introduced into the reactors to improve sugar
recovery. The solid product of the process will be primarily
insoluble lignin which may be used as a boiler fuel or
chemical feedstock. The liquid product which contains
sugars, hydrolysis by products and lignin breakdown-
compounds may be sent to ferrnentation directly or to a
separation process for removal of the non-sugar compo-
nents. The removal of toxic compounds such as furfural,
acetic acid and phenolics by separation affords an opportu-
nity to increase fermentation productivity. The process of the
invention produces sugars from lignocellulosic biomass as
an inexpensive. versatile raw material for economical pro-
duction of renewable fuels and chemicals.

Further. because the process of the invention utilizes a
continual shrinking bed reactor wherein physical changing
of the reactor dimensions as a function of solubilization of
the feed stock relative to the bulk packing density of the
fresh bjomass feed. affects an increased linear flow rate of
the hydrolysis liquor using a constant volumetric flow. the
residence time of the liquor fraction as a function of position
in the reactor results in increased yields of the solubilized
sugars and increased concentrations of released sugars.

BRIEF DESCRIFTION OF THE DRAWINGS

FIG. 11is a flow chart depicting fractionation composed of
up to four function elements linked co-currently.
countercurrently. or as independant single pass units,
depending upon whether the solubilized components are to
be mixed or separated from other solubilized components
from other functions.

FIG. 2a is a continual shrinking bed reactor wherein a
conical shaped flow-thru reactor in which the solids are
conveyed towards the narrow end. As the biomass is
solubilized. less and less reactor volume is needed to contain
a given feed volume. As the volume of the reactor decreases.
the linear velocity of the liquor increases even though the
volumetric flow rate remains constant. Thus, as the biomass
is solubilized, the reactor volume decreases so as to keep the
solid to liquid ratio nearly constant.

FIG. 2b is a continual shrinking bed reactor showing a
cylindrical low-thru reactor with a piston. As the biomass is
solubilized. the piston is activated so as to decrease the
reactor volume and thereby keep the solid to liquid ratio
nearly constant. Thus, the linear flow rate as a function of
solubilization of biomass increases even though the volu-
metric flow remains unchanged.
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FIG. 2c¢ is a continual shrinking bed reactor wherein the
reactor is a vertical screw reactor which conveys the solids
co-current or counter-current to the liquor feed. The design
criteria is such that the volume of each screw flight decreases
as the biomass is solubilized so as to keep the solid to liquid
ratio nearly constant.

FIG. 3a is a schematic showing a bench-scale continual
shrinking bed reactor at the beginning or start of the reaction
process of the invention.

FIG. 3b is a schematic of a bench-scale continual shrink-
ing bed reactor of the invention after hemicellulose hydroly-
sis.

FIG. 3¢ is a schematic of a bench-scale continual shrink-
ing bed reactor of the present invention after complete
hydrolysis of the lignocellulosic biomass.

DETAILED DESCRIPTION OF THE
INVENTION

The invention provides an efficient method for hydrolysis
and fractionation of lignocellulosic biomass and converts it
at very high yields to soluble sugars which may be fer-
mented to the final product at high productivity. as opposed
to the use of dilute acid for primarily hydrolyzing hemicel-
lulose exclusively or for complete hydrolysis using concen-
trated acid.

The invention consists of a series. of co-current. counter-
current or single pass. isolated stages which enable efficient
contact of dilute acid (or hot water in Function 1) and
biomass. Now. referring to FIG. 1. the fractionation is
composed of up to four function elements linked
co-currently. countercurrently, or as single pass units.
depending upon whether the solubilized components are to
be mixed or separated from other solubilized components
from other functions. All functions can contain one or more
stages or sets of operational parameters. and all stages
employ the shrinking bed concept which means that the
reactor dimensions as a function of solubilization of the
biomass. substantially confer a constant liquid to solid ratio
throughout the reaction.

Function ‘1, if desired. is designed to solubilize some
lignin. extractives. and protein. Different stages may be used
to fractionate components from this function. Hot aqueous
medium (100-160° C.. preferably 120-140° C. and pH
1.0-5.0. preferably pH 1.3-3.0) in a flow-through mode is
used to solubilize some lignin. protein. and extractives, As
mass is solubilized. the reactor confers upon the biomass a
substantially constant solid to liquid ratio (see FIGS. 2a—).
Carbohydrates are not solubilized to any appreciable extent
in this function.

Function 2 is designed to solubilize the hemicellulosic
sugars at high yields and concentrations as well as some
lignin and easily hydrolyzable glucan. Hot acidic medium
(140-220° C.. preferably 160-200° C. and pH 1.0-5.0.
preferably pH 1.3-3.0) in a flow-through mode is used to
solubilize the desired components. As mass is solubilized.
the reactor again confers upon the biomass a constant solid
to liquid ratio (see FIGS. 2a—c). Crystalline cellulose is not
solubilized to an appreciable extent in this function. Again.
several stages may be utilized to optimize the desired
fractionation. and these stages may be counter current.
co-current. or stand alone. This function can be physically
linked with function 1 or separate from fuaction 1 depending
upon the desired fractionation. The solubilized hemicellu-
losic sugars may be predomipantly in oligomeric form.
Therefore. a temperature hold step or enzymatic hydrolysis
step may be needed to convert the oligomers to monomers,
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after which the stream may be sent to a acid catalyst/sugar
recovery step. or further refining or product conversion
steps.

Function 3. if desired. is designed to solubilize all or a
major portion of the crystalline cellulose. Hot acidic
medium (180-280° C.. preferably 200-260° C. and pH
1.0-5.0. preferably pH 1.3-3.0) in a flow-through mode is
used to solubilize the desired components. As mass is
solubilized. the reactor again confers upon the biomass a
constant solid to liquid ratio (see FIGS. 2a-¢). Again,
several stages may be utilized to optimize the desired
fractionation. and these stages may be counter current.
co-current, or stand alone. Because the biomass' structure
collapses in this function and the mass and heat transfer
characteristics may become a limiting factor in yield of
solubilized glucose, the solubilization of all crystalline cel-
lulose may not be prudent. Again. oligomeric carbohydrates
may exist in the liquor stream and a temperature hold or
enzymatic step may be necessary to produce monomeric
sugars for product conversion.

Function 4. if desired. is designed to solubilize any
remaining cellulose if mass and heat transfer limitations
affect- yields of glucose from function 3 due to physical
changes in the biomass during function 3 fractionation. This
function may use a co-curmrent or counter-current reactor
configuration with the acidic medium of pH 1.0-5.0
(preferably 1.0-2.5) and temperatures of 180-280° C.

An enzyme catalyst may be used to replace functions 3
and/or 4 for hydrolysis of cellulose. Functions 2-4 can
incorporate a sugar recovery step or could all be linked
counter-currently to produce higher sugar concentrations.
These steps may be used together or any one of them linked
with other approaches to carry out these functions. If frac-
tionation of individual sugars such as glucose and xylose is
important, a straight flow of hydrolysis medium would be
employed in one or more of the individual functions with no
physical link between the functions. If cellulose is the
desired product. functions 3 and 4 or their enzymatic coun-
terpart would not be performed and the solid material
resulting from functions 1 (if used) and 2 would be a desired
product, perhaps after further treatment to remove much of
the remaining iignin.
~ During the hydrolysis process. fresh make-up acid can be
added. as needed. between the various process stages. Oper-
ating conditions are selected in order to maximize the sugar
yield from biomass and to limit product degradation.
Alternatively, fresh acid may be added to each stage and the
sugar-rich liquid streams exiting each stage may be pooled
to provide the feed to the fermentation stage. This minimizes
exposure of the soluble sugars to acid and high temperature
which are known to promote their degradation. Wash water
may also be introduced into the reactor to improve sugar
recovery. The solid product of the process will be primarily
insoluble lignin, which may be used as boiler fuel. On the
other hand. the liquid product of the process contains sugars,
hydrolysis by products and lignin breakdown compounds.
and these materials may be sent to fermentation directly or
to a separation process for removal of the non-sugar com-
ponents. The removal of toxic compounds from the process.
such as furfural. acetic acid and phenolics by separation
affords an opportuaity to increase fermentation productivity.

Accordingly. the invention process produces sugars from
lignocellulosic biomass as an inexpensive, versatile raw
material for economical production of renewable fuels and
chemicals.

The example hereinafter provided will serve to further
illustrate the complete hydrolysis of lignocellulosic biomass
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using dilute acid in a flow-thru process in which a continual
shrinking bed reactor design maintains the same solid to
liquid ratio during the hydrolysis of the lignocellulosic
biomass.

EXAMPLE

Reference is made to Torget et al.. (1996). “Optimization
of Reverse-flow. Two-Temperature. Dilute-Acid Pretreat-
nient to Enhance Biomass Conversion to Ethanol”. Appl
Biochem. Biotechnol.. 57/58 85-101. The flow-thru reactor
of the foregoing Torget et al. reference was modified as
follows:

An § inch spring. coated with teflon and made of carbon
steel with a 7 Ib/inch spring tension. was inserted into the
reactor which had a 6 inch packing of yellow poplar sawdust
and a % inch teflon plug with a titanium (20 micron) exit frit.
The inlet to the reactor was connected to the bed by a teflon
coiled connecting tube. Both ends of the tube were con-
nected via swage lock fittings. The bottom of the reactor had
a 1.75 inch spacer plug to allow the spring (when totally
extended) to occupy the entire volume of the reactor. In
operation. as the solids are hydrolyzed, the spring com-
presses the bed so as to keep a constant solid to liquid ratio.
thereby increasing the relative linear velocity of the liquid
feed refative to the original solid’s volume. while keeping
the volumetric flow constant.

The reactor was packed with 92.05 g moist yellow poplar
saw dust to a height of 6 inches of the 12 inch reactor. The
spring assembly with the teflon feed tube was inserted and
the reactor fully assembled (FIG. 3). The reactor was con-
nected to the flow thru system (Torget et al., 1996). and
placed in a 176° C. sand bath and brought up to 150° C.. as
measured by a thermocouple located ¥4 inch from the top of
the reactor. "

Dilute sulfuric acid (0.07 wt %) was then pumped in at 70
ml/min for 10 minutes to solubilize the easily hydrolyzable
xylan. after which the pump was shut off. The spring caused
a collapse of the bed volume, of 25%. The reactor was then
placed in a 227° C. sand bath for five minutes to heat the
reactor contents to approximately 210° C. 70 ml/min of the
dilute acid was then pumped for 30 minutes to hydrolyze the
remaining xylan. all of the glucan. and 70% of the Xlason
lignin. The entire bed collapsed to 8% of its total height. The
pump was then shut off and the reactor disconnected and
cooled.

The mass balance results indicated that 70% of the lignin
was solubilized with a mass balance closure on the lignin of
97%. Xylan was solubilized totally with 97% recovered as
monomeric and oligomeric xylose in the liquor and 2.9%
furfural. Glucan was solubilized totally with a 92% recovery
as monomeric and oligomeric glucose with 5% of the glucan
recovered as HMF. The other minor sugars were recovered
in yields in excess of 90%.

The very high sugar recoveries in the liquor are due to the
decreased residence time of the liquor as a function of
decreased volume of the 225° C. reactor as a function of the
continual shrinking bed mechanism in the reactor.

We claim:

1. A multi-function process for hydrolysis and fraction-
ation of lignocellulosic biomass to separate hemicellulosic
sugars from other biomass compounents comprising extrac-
tives and proteins; a portion of a solubilized lignin; cellu-
lose; glucose derived from cellulose; and insoluble lignin
from said biomass comprising: A) introducing a dilute acid
liquid of pH 1.0-5.0 into a continual shrinking bed reactor
containing either solid fresh biomass or solid partially
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fractionated lignocellulosic biomass material at a tempera-
ture of from about 140 to about 220° C. for a period of about
10 to about 60 minutes at a volumetric flow rate sufficient to
keep the solid and liquid at a constant ratio throughout said
process so as to increase the linear velocity. keep a constant
volumetric flow rate to effect solubilization of hemicellu-
losic sugars and amorphous glucans. to improve hemicellu-
losic sugar yields.

2. The process of claim 1 wherein said flow rate is from
about 1 to about 5 reactor volumes.

3. The process of claim 2 wherein said dilute acid is a
mineral acid.

4. The process of claim 3. wherein said mineral acid is
selected from the group consisting of sulfuric acid. phos-
phoric acid or nitric acid.

5. The process of claim 4 wherein said dilute acid is
carbonic acid.

6. The process of claim 3 wherein said mineral acid is
introduced in stages.

7. The process of claim 2 wherein the continual shrinking
bed reactor is a conical shaped flow-thru reactor in which the
lignocellulosic biomass is conveyed as a solid toward a
narrower end of the conical shaped flow-thru reactor.

8: The process of claim 2 wherein the continual shrinking
bed reactor is a series of flow-thru reactors of decreasing
volumetric capacity in which the solids are moved from a
larger capacity reactor to a smaller capacity reactor as a
function of the hydrolysis and/or fractionation of the biom-
ass. .

9. The process of claim 2 wherein the continual shrinking
bed reactor is a cylindrical flow-thru reactor comprising an
activated piston or weighted internal movable top to
decrease reactor volume as hydrolysis progresses.

10. The process of claim 2 wherein the continual shrink-
ing bed reactor is a screw reactor that conveys lignocellu-
losic solids co-current to the acid hydrolysis liquor feed.

11. The process of claim 10. wherein said screw reactor
conveys lignocellulosic solids counter-current to the acid
hydrolysis liquor feed.

12. The process of claim 2 wherein prior to step A). a
dilute acid liquid of about pH 1.0-5.0 is introduced into a
continual shrinking bed reactor containing a solid lignocel-
iulosic biomass material at a temperature of from about 94
to about 160° C. for a period of about 10 to about 120
minutes at a volumetric flow rate of from about 1 to about
5 reactor volumes to effect solubilization of extractives.
lignin. and protein while keeping the solid to liquid ratio
constant throughout the solubilization process.

13. The process of claim 12. subsequent to step A). a
liquid dilute acid pH 1.0-5.0 is introduced into a continual
shrinking bed reactor containing a solid partially fraction-
ated lignocellulosic biomass material from step A) at a
temperature of from about 180-280° C. for a period of about
10 to about 60 minutes and at a volumetric flow rate of 1 to
about 5 reactor volumes to effect solubilization of cellulosic
sugars while keeping the solid to liquid ratio constant
throughout the solubilization process.

14. The process of claim 13 wherein, as a last step, a
liquid dilute acid of pH 1.0~5.0 is introduced into a continual
shrinking bed reactor containing a solid partially fraction-
ated lignocellulosic biomass material at a temperature of
from about 180-280° C. for a period of about 10 to about 60
minutes at a volumetric flow rate of about 1 to about 5
reactor volumes to effect solubilization of cellulosic sugars
while keeping the solid to liquid ratio constant throughout
the solubilization process.
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